Abstract: Semiconductor core fibers have numerous potential applications in optoelectronics and photonics, and the key to realizing these opportunities is controlled processing of the material. We present results on laser treatments for manipulating the core structure as well as the glass cladding. More specifically, using quasi-CW 10.6 µm radiation, the clad glass can be softened and the core can be controllably melted. This is shown to permit tapering, localized formation of optical resonators, and stress modification of the as-drawn fiber and structures within it. Shown for the first time to the authors' knowledge are Bragg gratings written by modification of the silicon/glass interface using fs laser illumination at 517 nm. The cores of these fibers show stress alterations, with indications of quasi-periodic stress relief in the glass. 
Introduction
Semiconductor core fibers have emerged recently as an interesting alternative to planar silicon for a variety of optoelectronic application [1] [2] [3] . These fibers, are produced either by high pressure chemical vapor deposition [4] or using conventional glass-fiber drawing processes [5] . Silicon-core fibers drawn from bulk preforms have been made with lengths up to ~100 m with core diameters down to 12 µm [6] , and resonators, tapers and splices have been made of these fibers, using conventional arc-based methods.
Heating silicon-core fibers above the melting point of the core, using a hydrogen flame, leads to formation of small spheres trapped inside the glass [7] . Thermal annealing has been employed to reduce optical losses [8] , and CW laser illumination using above-bandgap radiation has been used to recrystallize fiber cores [9] , both for introducing high stress levels with a resulting modification of the bandgap [10] in silicon cores and for reducing optical losses in germanium [11] ones.
The entire cross-section of the fiber can be modified by appropriate choice of the laser source. Longer wavelength sources, such as CO 2 lasers, allow for localized and reproducible heating and cooling of the glass cladding and are commonly used for thermal processing of optical fibers [12] including their recent applications in gravity wave detector mirror suspensions [13] . Their use for recrystallization of the crystalline semiconductor core in both silicon [6] and SiGe-core [14] fibers has been reported, and a CO 2 laser has been used to form a silicon resonator on the exposed tip of a fiber [15] .
Short-pulse visible lasers have been used extensively for the characterization of semiconductor-core fibers, but they can also be used to modify the stress at the core-cladding interface. They provide an alternative route to the traditional UV laser-induced inscription of gratings in fibers [16] , offering a "direct-write" technique that is extremely flexible for producing high-resolution structures in transparent and opaque materials. The former process is typically an interaction driven through multi-photon absorption, and realized within the bulk material. Typical pulse durations are <250 fs, hence even moderate average powers can produce extremely intense laser pulses. If one accounts for the pulse duration, absorption takes place at shallower depths and the absorption coefficient dramatically increases, concomitantly increasing the temperature at the laser focus. If this occurs on a scale comparable to the optical (laser) wavelength, it is readily possible to generate extreme temperatures (10 4 -10 5 K) at the focus [17] . However, in contrast to the CO 2 laser induced modification, the process is essentially "cold", as cooling rates are extremely high. The heat dissipation to the surroundings results in re-solidification of molten material, a process that has been shown to lead to the formation of amorphous silicon [18] [19] [20] . A significant obstacle for the realization of Bragg gratings using fs lasers, and, in particular point-by-point and lineby-line methods, is the need for precise inscription coinciding with the fiber's longitudinal axis. This is needed to maximize the overlap between the grating and guided modes; demanding significant penetration into the core material [21] . In contrast, a modified femtosecond-laser plane-by-plane FBG inscription method has been developed where twodimensional index planes are inscribed, modifying the silicon-glass interface, and leading to stress modulation across the core [22, 23] .
In this paper, we demonstrate the use of a CO 2 laser for simultaneous structuring of both the semiconducting core and the silica glass cladding to form resonators and tapers, and we report inscription of Bragg gratings using visible fs pulses. These are important steps in the drive towards in-fiber photonics, as smaller cores, and wavelength-selective structures allow a wider variety of devices to be explored.
Experimental methods
The fibers studied here were produced using a conventional draw tower, as described in [6] . Briefly, a silica preform of 30 mm outer diameter and 3 mm coated bore was loaded with a bulk silicon rod, and heated above the softening point of the glass, well above the melting point of the silicon. Drawing down the glass formed a coaxial silicon core -silica clad fiber with 125 µm outer diameter and a 12 µm core. For tapering studies, the fiber was sleeved into a silica capillary to increase the cross-section and thus the power absorbed from the CO 2 laser beam. Thin-walled preforms were used for the fabrication of spherical resonators.
The 30 W CO 2 laser used in these studies was controlled using 5 kHz pulse-width modulation and a ZnSe lens to vary the power. Levels used, measured behind the fiber were 5-20 W, as reported by a Thorlabs S314C detector. Programmable Aerotech stages (ALS130) with a maximum travel of 50 mm and a translation speed of up to 300 mm/s, were used to translate the fiber and the beam and to apply tension to the heated fiber for tapering. Breakup of the 12 μm core into spheres was induced with a scan rate of ~125 μm /sec, a power level (measured behind the fiber) of 12 W, and a spot size of 140 μm. 250 ms pulses at 18 W were used to change the stress on encapsulated spheres.
Taper preforms were made by sleeving a 50 μm silicon-core, 500 μm outer diameter (o.d.) fiber into a silica capillary with an inner diameter of 750 μm and an o.d. of 1750 μm; this preform was drawn down to an o.d of ~160 μm. Tapers were drawn with a preform feed rate of 100 μm/s and a draw speed of 1 cm/s, using laser powers of 12-16 W.
Raman characterization was performed using a Renishaw InVia Reflex Spectrometer System, and scanning electron imaging was performed using a Hitachi TM3000 SEM. Photomicrographs were taken with a Nikon Eclipse LV100 microscope.
All femtosecond laser inscription was undertaken using a HighQ laser (femtoREGEN) operating at 517 nm and 5 kHz, with a 220 fs pulse duration and pulse energies of 100 nJ. The fibers were mounted on Aerotech air bearing stages (ABL1000) for accurate two-axis motion; precise synchronization of the laser pulse and stage motion allowed for suitable laser processing. The laser beam was swept transversely across the core at a velocity of 50 μm/s, resulting in a mean exposure of 100 pulses/μm. The focal spot size was measured to be ~1µm. This results in an energy density approaching 100 kJ/m 2 (10 J/cm 2 ) at the laser focus. The fiber was displaced by a controlled step and this motion was repeated to define a periodic modulation along the fiber length. This resulted in the fabrication of a Bragg grating, which was probed in longitudinal reflection through the silicon core. The direct-write allows a wide range of spacings to be written, with a maximum length limited by our stage (100 mm). The frequency-doubled wavelength was chosen because the silica is transparent and the silicon is absorbing for this radiation, concentrating the energy at the interface region.
Results and discussion

CO 2 laser processing
There were three primary regimes in which the CO 2 laser treatment was conducted. In the first, the power delivered was coupled to a scan rate that permitted melting of the core without inducing Rayleigh instabilities [7, 24] ; this resulted in recrystallization and optical loss reduction as previously reported [6] . In the second, the scan rate was reduced or the power increased to induce controlled breakup of the core, and coalescence of large silicon particles as resonators. In the third regime, the core was melted and the glass was softened; when mechanical force was applied during treatment, tapers were formed. Figure 1 demonstrates the ability of the laser processing to make structures with both thin and thick glass layers and with varying dimensions. A CO 2 laser may be used to break the core into periodically spaced silicon spheres via capillary instability, comparable to those made with a flame [7] , as shown in Fig. 1(a) . In addition, using a fiber with a large core:clad ratio, it was possible to create large silicon spheres with a thin cladding of silica, such as that shown in Fig. 1(b) . Such structures are highly responsive to temperature [8] and nonlinear optical changes [3] in the silicon, and may form the basis for sensitive detectors and fast optical switches. Compressing the glass fiber during CO 2 heating accumulates extra glass around the molten spheres that are formed, as illustrated in Fig. 1(c) . This would provide axial confinement for whispering gallery modes. The CO 2 laser allows for the creation of a small heat zone, and variable length core sections could be made by rapid translation of the beam followed by a pause to open a gap in the core. The demonstration structure written into 12 µm core fiber, shown in Fig. 1(d) illustrates spacing of silicon structures down to ~120 µm in these fibers.
In-fiber silicon structures
Stress modification of in-fiber silicon structures
The silicon cores of as-drawn fibers in this study typically exhibited tensile strain, and several factors can contribute to the final stress state of silicon structures in glass. Silicon undergoes a large expansion upon solidification, yet also has a thermal coefficient of expansion that is much larger than that of the silica cladding.
The density of liquid silicon near the melting point of 1414 °C has been experimentally measured to be 2.52 g/cm 3 [25] , while that of crystalline silicon at these temperatures is close to 2.3 g/cm 3 , implying an expansion of about 4% in each dimension upon solidification, which would lead to an expectation of compressive stress in the core. However, if the glass accommodates the initial expansion of the silicon, the difference in the thermal expansion coefficient (silicon~2.6 × 10 −6 K −1 , silica ~0.6 × 10 −6 K −1 ) during cooling, will lead to tensile strain in the core at room temperature. During the drawing process, the solidification front moves unidirectionally, pushing the liquid ahead of the solid, thus allowing unconstrained expansion, and the subsequent contraction during cooling dominates the strain at room temperature.
Additional considerations in the stress/strain picture include the fact that the viscosity of the glass at the melting point of silicon (~10 9 Pa-s [26] ), is in the range used for glass extrusion processes [27, 28] , above the glass transition temperature, implying significant stress/strain relaxation. The silicon-silica interface is modified with an oxide to reduce stress during solidification [29] , and this layer may reduce the viscosity at the interface region further.
When the silicon is fully encapsulated, the unidirectional relief mechanism is no longer active, and compressive stress can be introduced since the lattice expansion upon silicon solidification is approximately a factor of ten larger than the contraction during cooling from the melting point to room temperature. This will be especially true if the time available for flow of the glass is limited, as will occur during rapid cooling. Increasingly compressive strains are seen as the translation speed is increased during resolidification of silicon fibers [30] . Fig. 2. (a) Birefringence around silicon spheres encased in a 125 µm glass fiber. Every third sphere was exposed to a high power pulse of CO 2 radiation, causing remelting and rapid resolidification. A fast cooling rate is correlated with high birefringence, and (b) changes in the Raman shift of the silicon. Black line is the reference wafer, blue line is a slowly cooled sphere and red is for the sphere with the highest cooling rate.
The effect of cooling on a series of silicon spheres was used to explore this phenomenon, and the results were characterized by microscopy through crossed polarizers and by Raman spectroscopy. Tensile strain in silicon results in shifts in the position of the main Si peak at 520.5 cm −1 towards lower wavenumbers, with a strain of 1% leading to a change of 7.05 cm
[31] to 7.84 cm −1 [32] . We found that as the cooling rate is increased, the residual strain becomes less tensile. Figure 2(a) shows the birefringence for a fiber where the laser was shuttered to treat every third sphere to a high power pulse, melting the sphere, and cooling rapidly. Raman results for different treatments are shown in Fig. 2(b) . For the untreated fiber, the silicon peak was at 512 cm −1 , indicating a tensile strain of ~0.82%. After formation of the spheres at peak temperatures just above to the melting point of silicon, there was typically a residual but reduced tensile stress, with measured shifts of 514 ± 1 cm −1 (Fig. 2(b) , blue curve). Opening the shutter at 18 W for 250 ms during scanning, estimated to give a peak temperature of 1650 °C [6] caused the spheres to melt and resolidify during translation, leading to a Raman shift of 520 cm -1. In this case there is near cancellation of the compression due to solidification and the tension associated with differential thermal contraction during cooling. A 2-3 s exposure to the 18 W beam was sufficient to cause deformation of the fiber, with a temperature estimated to be >1900 °C, followed by rapid cooling after the shutter was closed. In this case, (Fig. 2(b) , red curve), the Raman peak was at 522.3 cm −1 , indicating that significant residual compressive strain can be developed. This supports a viscoelastic model in which there is an accommodation of the silicon expansion upon solidification due to stress/strain relaxation during slow cooling conditions, while rapid cooling restricts glass relaxation, resulting in a residual compressive component.
Laser tapering of silicon-core fibers
The CO 2 laser permits softening of the glass and rapid melting of the silicon core so that if tension is applied to the fiber during heating, the fiber can be tapered. In addition to redrawing the fiber from a fixed heated spot, it is possible to set a feed rate for the fiber into the beam, while pulling on one end, analogous to the way that a fiber is initially drawn from a preform. This permits the fabrication of a taper followed by a long (several mm) section of the fiber with a reduced core size, as shown in Fig. 3(a) . Both adiabatic [14] and abrupt tapers can be formed using this approach. During tapering, the reduction in cross-section of the fiber results in reduced absorption of CO 2 laser radiation, setting a limit to the attainable core dimension. Fibers were prepared by sleeving into a silica capillary to give a higher-than standard ratio of glass to silicon core diameter. The resultant fiber tapers had a 1.5 μm core, as shown in Fig. 3(b) , from a single step tapering process. Imperfect matching of the capillary and fiber dimensions led to a gap between the two silica layers that is not present in most fibers. Raman spectroscopy (Fig. 3(c) ) on the exposed end of the silicon core shows a shift of 518.3 cm −1 , a reduction of tensile stress compared to the unprocessed fiber core. Measurement of the Raman shift along the rapidly decreasing portion of the diameter at the taper end shows that the stress becomes less tensile as the diameter decreases. As the cooling rate is fastest for the smallest diameter, this again supports the observation that rapid cooling is associated with reduced accommodation of the silicon expansion. Fig. 3 . Silicon tapers: (a) Photograph of 4mm long taper produced with a 125 µm fiber sleeved into a silica capillary (scale bar 1mm), (b) cross-section of the core after drawing (scale bar 10 µm). The moon shaped region is a cavity formed in the sleeving process due to mismatch of the capillary and fiber diameters. (c) Raman spectrum from the exposed face of the core (solid red curve) and reference silicon wafer (dashed black curve).
Femtosecond laser processing
CO 2 laser processing modifies the fibers by heating the glass cladding, with conductive heat transfer to the core. Continuous wave visible radiation passes through the glass, and interacts strongly with the core material, and this has been used to recrystallize semiconductor cores [10, 11] . Ultrashort pulses at a wavelength of 517 nm, however, can be used to introduce strain within the cladding and at the interface between the glass and the core without significantly affecting the properties of the core material; the penetration depth in silicon at this wavelength is limited to ~1μm, corresponding to an absorption coefficient of ~0.9 μm −1 [33] . In these preliminary experiments, a 12 µm core fiber previously recrystallized at a scan rate of 3 mm/s (to reduce optical losses) [6] was exposed at the core/clad interface as described in section 2 above.. During the inscription process, strong plasma generation in the region of the Si core was observed (see Fig. 4(a) inset) as the laser swept across the core.
The period of the modulation of the core region was set to Λ = 1820 nm using the programmable stages, corresponding to an 8th order grating; where a silicon refractive index value of 3.441 would result in a grating close to a wavelength of 1565 nm. Figure 4(a) shows the spectrum from a 2000-plane grating with a target grating response at 1.565 µm, which results in a reflected linewidth of ~0.9 nm. To the best of the authors' knowledge, this is the first Bragg grating written into a silicon optical fiber. In addition to the expected grating reflectivity, significant stress changes are observed by both birefringence in the glass, and Raman shifts in the core material resulting from the grating fabrication. ) as a function of position along the fiber. It should be noted that the lateral resolution of the Raman measurement is ~4 µm, so stresses associated with the grating period could not be resolved. There is a clear overall increase in the compressive strain in the vicinity of the grating, and quasi-periodic Raman shift changes that correlate with the larger features in Fig. 4(a) , suggesting possible strain relief through the formation of microcracks. It is possible that illumination with a CO 2 laser during fs exposure, at a power sufficient to soften the glass but not to melt the core, might permit elimination of the cracks. Writing the grating in sections may also reduce damage.
Conclusion
Laser processing is a versatile technique for modifying the structure of semiconductor-core glass fibers. Here, modification of the core shape, structure and stress properties has been demonstrated through both infrared and visible laser processing.
Stress control of semiconductor-in glass structures created by Rayleigh instability suggests a novel way to manipulate the band structure, and possibly realize direct gaps and light emission in group IV materials such as germanium-tin alloys, and FBG formation opens a route to fiber-based silicon Raman lasers. Fibers with these core materials could also be stressed directly by fs processing.
Silicon also is an attractive material for the formation of photonic crystals for THz radiation, and 2-d structures have been reported to have low losses [34] . Photonic crystal arrays for long wavelengths could be made by forming the desired periodic or aperiodic structure as illustrated in Fig. 1(d) inside a large number of fibers; these fibers could then be placed side-by side to form a layer, and a 3-d array could be built by stacking many layers. This would allow a bottom-up approach to constructing photonic crystals with considerable design freedom.
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